We have studied the generation of reactive oxygen species during the metabolism of a carcinogen, benzo [a]pyrene, by human mammary epithelial cells. We have quantitated the production of one type of oxidative DNA damage, thymine glycols, by using a monoclonal antibody specific to this base modification. Thymine glycols were produced in DNA in a dose-dependent manner after exposure of human mammary epithelial cells to benzo[alpyrene. The number of thymine glycols formed in the DNA was similar to that of 7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[ajpy-rene covalently bound to the DNA. Exposure of cells to the carcinogen in the presence of superoxide dismutase, which reduces superoxide anions, inhibited the production of thymine glycols and increased cell survival but had little effect on adduct formation. At equitoxic doses, =10-fold more thymine glycols were formed after exposure to benzo[alpyrene than to yirradiation. Thymine glycols, produced by either agent, were efficiently removed from the DNA of the cells. Since thymine glycols represent only a portion of the oxidative damage possibly produced, our results indicate that the total amount of oxidative damage induced during the exposure of human mammary epithelial cells to benzo [a]pyrene greatly exceeds the amount produced by direct adduct formation and that this indirect damage plays an important role in the cytotoxicity of
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One product that is formed in DNA as a consequence of chemical oxidation or ionizing radiation is thymine glycol (13, 14) . A sensitive immunoassay for thymine glycols has been developed with a monoclonal antibody to this product in DNA (15) . By using this methodology, thymine glycols have been detected in DNA after treatment of cultured human fibroblasts with ionizing radiation, 254-nm ultraviolet light, and an active metabolite of the carcinogen 2-naphthylamine (16, 17) . We There is increasing evidence implicating the involvement of free radicals, particularly those derived from molecular oxygen, in many stages of chemical carcinogenesis (1, 2) . Active oxygens and the ensuing lipid peroxidations could affect carcinogenic processes in at least two ways: (i) by causing chromosomal damage and rearrangements and (ii) by modulating cell growth and differentiation through epigenetic mechanisms. For example, it is known that hydroxyl radicals are responsible for 60-70% of DNA strand breaks, chromosomal aberrations, mutations, and cell killing produced by ionizing radiation (3) .
Benzo[a]pyrene (B[a]P) is a potent mutagen (4) and carcinogen (5) . Its metabolism and subsequent binding to DNA has been extensively studied in cell culture (6, 7) . We have previously shown (8, 9) Cell Culture. The mammary epithelial cells were isolated and grown as described (19, 20) . All experiments were performed with normal HMEC from one specimen, no. 184, derived from reduction mammoplasty tissue. Cells were grown in the serum-free medium MCDB170, which supports long-term active growth of normal HMEC (21 *To whom reprint requests should be addressed.
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Proc. Natl. Acad. Sci. USA 85 (1988) incubation, the cultures were washed twice with PBS and harvested by trypsinization. In some experiments, aliquots of the cells were used to assay colony-forming ability with the remainder of the cells stored as a frozen pellet prior to extraction of the DNA. (18) .
ELISA. The ELISA for quantitation of thymine glycols in DNA was carried out as described by Leadon and Hanawalt (15) with the monoclonal antibody designated GB10/C5. This antibody did not cross-react with DNA adducts produced by directly modifying DNA in vitro with B[a]P diol epoxide.
RESULTS
In these studies, we used a sensitive immunoassay to determine the frequency of thymine glycols in DNA. A constant amount of immobilized Os04-modified DNA and various amounts of a competitor in solution were reacted with a fixed amount of the antibody. The amount of the antibody bound to the immobilized DNA was then determined and compared to the amount bound in the absence of the competitor. We used Os04-modified DNA in the assay because OS04 selectively oxidizes the 5,6 double bond of thymine to produce the glycol but does not react at all with other bases (22) . The ELISA was calibrated by using serial dilutions of radioactively labeled DNA modified by OS04 as the standard. The thymine glycol content of the standard DNA was determined chromatographically (15 5 ,ug/ml (Fig. 1) . The production of DNA adducts, as determined by the radioactivity bound to the DNA, was also proportional to the concentration of B[a]P to which the cells were exposed (Fig. 1) (25) . In a system in which two types of active oxygens, hydrogen peroxide and superoxide anion, are formed, a further reaction leading to the generation of a more reactive species of free radical, the hydroxyl radical, is expected via a Haber-Weiss type of reaction (26) . The addition of these hydroxyl radicals across the 5,6 double bond of thymine in the presence of oxygen can result in the formation of the glycol, 5,6-dihydroxydihydrothymine (27) . Incubation of HMEC cultures with SOD, which reduces (16, 23) . These differences may be reconciled in part by the fact that B[a]P may be a "membraneactive agent" (28) . B[a]P has been shown to stimulate prostaglandin production in cultured dog kidney cells (29) . The synthesis of prostaglandins occurs via the arachidonic acid cascade, and it has been proposed that this pathway produces active oxygen at the level of the cellular membrane (28) . Since exogenous SOD and catalase are not taken up by the cell, SOD may exert its protective effect by breaking down superoxide anions extracellularly and in the proximity of the membrane. Catalase, however, may not be accessible to the intracellular location where hydrogen peroxide is being formed during the metabolism of B[a]P. Autoxidation of N-hydroxy-2-naphthylamine, on the other hand, can occur both extra-and intracellularly, and therefore both SOD and catalase have access to the active oxygen species formed during this process.
Since most of the biological effects of ionizing radiation are mediated through the formation of reactive oxygen species, the number of thymine glycols formed after exposure of HMEC to B[a]P was compared to the number formed after an equitoxic dose of y-rays. There were at least 10-fold more thymine glycols formed after exposure to B[a]P than to y-rays. Therefore, even though reactive oxygen species can mediate the formation of indirect DNA damage by both agents, the spectrum of damage induced by the two agents is probably different-e.g., the formation of strand breaks is probably proportionally greater following ionizing radiation than following B[a]P metabolism. In addition, the repair pathway for the removal of thymine glycols is apparently not saturated even with the higher initial levels found after treatment with B[a]P since the percentage removed was similar with both agents. The significance of the production of thymine glycol and other types of indirect damage after treatment with a chemical carcinogen is as yet unclear. While covalent binding of active metabolites of a carcinogen with DNA appears to be an obligatory step in the production of a tumor, it also appears to be insufficient for malignant cell transformation. For example, the rate of skin tumor production by B[a]P diol epoxide without promotion by 12-0-tetradecanoylphorbol 13-acetate is extremely low compared with that of the parent
